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Abstract

The Variable 1 )ynamic Testbed Vehicle
(VDT'V) concept has been proposed as a tool to
evaluate collision avoidance systems and to per-
form driving-redated huinan factors rescarch. The
goal of this study is to analytically investigate
to what extent a VDTV with adjustable front
and rear anti-roll bar stiffnesses, programmable
damping rates, and four-whecel-steering can cinu-
late the Jateral dynamics of a broad range of pas-
scniger vehicles. Using asclected colnpact-sized
aulomobile as a baseline, our study indicated this
baseline vehicle can be controlled to emulate the
lateral response characteristics (including the ve-
hicle’s understeer coefficient and the 90% lateral
acccleration rise time in a J-turn mancuver) of
a fleet of production vchicles, from low to high
latcral acceleration conditions. Also, the roll gra-
dient of the basclined vehicle can be altered via
changes made to the torsional stiflnesses of the
front and/or rear anti-roll bars to emulate the
roll stiflncsscs of a fleet of production vehicles.

Introduction

To study the correlation between vehicle re-
sponsc characteristics and driver commands rel-
ative to crasl | avoi dance, the National Highway
Traflic Safety Adiministration’s Office of Crash
Avoidance Rescarch (OCAR) has at its disposal
a comprchensive set of tools and facilities. Thesc
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include the Vehicle Rescarch and Test Center,
and the (currently being developed) National Ad-
vanced Drivi ng Simulator.  To augment these
tools and facilities, OCAR has defined its concept
of a Variable Dynamic Testbed Vehicle (VD TV).!
This vehicle will be capable of emulatinga broad
range of automobile dynamic characteristics, al-
lowing it to be used in development of collision
avol dance systems, and conducting of driving-
related human factors research, among other ap-
plications.

Vchicles with “prograiminable” response char-
acteristics have been proposed and developed in
the past. Inthe 1970’s, anexperimental vehicle,
called Variable Response Vehicle, was developed
by the General Motors Corporation for vehicle
handling rescarch.? I't had independent clectro-
hydraulic controlled front and rear steering actu-
ators and a front steering feel syst em . Thesc ac-
tive systems enabled it to emulate a variety of di-
rectional control characteristics. In the 1 990’s, a
similar rescarch vehicle, called Siynulator Vehicle,
was developed by the Nissan Motor Cornpany.®
Both yaw rate and lateral acceleration response
characteristics of this vehicle were varied indepen-
dently. 1t was used to study the relation between
driver’s perceptionand vehicle handling quality.

To emulate both the lateral and longitudinal
responise characteristics of a broad range of vehi-
cles, the “mechanical” steering, suspension, and
braking sub-systems of a ‘(passive” vehicle must




all be madc “programm able”. With regard to cin-
ulating the lateral response characteristics of ve-
hicles, an carlier study? indicated that the VDTV
must have the following active sub-systems: (1)
steeri Jig:  steer-by-wim, programmable steering
feel as well as four-wheel-stecring, and (2) suspen-
sion: sclni-active suspension as well as variable
front and rcar anti-roll bar systeins. other active
sub-systeins considered in Reference 4 (such as
the Lrakc-by-wire and thrott]c-by-wire systems)
were not includedin this study.

Iiquipped with the above mentioned actively
controlled systems, the lateral response charac-
teristics of the VI)'I'V can be conveniently altered
via the governing control algorithins. However,
it was not clear what range of production vchi -
cles could be emulated by such a variable dy -
namic vchicle. One objective of the dynamics
analysis was to gain a quantitative understand -
ing 011 the “cinulability” of sucha variable dy-
namic vchicle. The second objective was to gen -
crate quantitative information for the functional
requirements document!® that accompanicd the
VDTV Request for I'reposal.

Scopeand Approach of Dynamics Analysis

The scope and approach taken in the dynamics
analysis arc as follows:

1. A vchicle dynamics siinulation program,
called Vehicle Dynamic Analysis, Nonlincar
(VD ANL) was sclected as the sitnulation tool
to performall the vehicle dynamic computa-
Lions.

2. The VI )ANI, program has paramcter files for
about twenty passenger vchicle models. Only
five modcls were sclected to represent a broad
range of production passenger vehicles.

3. Three performance metrics were selected to
characterize both the stlcacly-state and tran -
sient lateral responses of these production
vchicle models in “representative” cornering
1ancuvers.

4. Onc of the five imodcls studied was sclected as
the bascline V)TV, However, to account for

the added wcights of the data acquisitionsys-
tem, four-wheel-steering system, etc., several
vehicle and tire paramcters of theselected ve-
hicle model were modified accordingly.

5. T'wo sensitivity analyses were made to assess
to what degree vehicle performance metrics
sclected instep (3) arc influenced by the fol-
lowing vchicle parameters: (a) the torsional
stiflnessess of the front and rear anti-roll bars,
and (b)the damping rates of the suspension
shock absorbers.

6. A simulation study was madc to asscss to
what extent the understeer coefficient ant]
speed of lateral response of the five produc-
tion vehicles sclected in step (2) can be emu-
lated by a four-whecl-steered VI )TV,

7. The Consumers Union obstacle avoidance
course (to be described latter) was used to
objectively evaluate the handling qualities of
passcnger vehicles during emergency double
lane change mancuvers. The performance of
the bascline V)TV inmaking double lane
change mancuvers usi ng different combin -
tions of tires and four wheclsteering control
algorithin were compared.

Results obtained from these seven steps arc given
in the following sub- sect jons.

Vehicle Dynamics Simulation Program

A vchicle dynainics simulation program, de-
veloped by Systems Tecl imology, Incorporated,
called “Variable Dynamics Analysis, Non-lincar”
(VD ANL) was used in this research. This pro-
gram was originally developed to study the per-
formance of vc}liclc/driver systemsina variety
of driving scenarios and conditions, and to study
vchicle lateral control and stability.®

A signal flow diagram of the program VIANI,
i s depicted in Figure 1 (from Reference 6).
The program VI )ANI }las atotal of scventeen
degrees-of-freedom (1 )011'S). The block la beled
“Vchicle Dynamnics” (in Figure 1) has six DOY's
for the sprung massand two 1) O1{’s cach for the
front and rear unsprung masses. lii the block
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Figure 1: Flow diagram Of the VDANL vehicle dynarnic
sitnulation program

labeled “Tire Dynamics,” four DONs for the ro-
tational speeds of the four wheels arcincluded.
Finally, oncdegree of freedom each is contained
in the blocks labcled “Steering System”,“Brake
System”, and “Power Train.” Representative ve-
hiclc and tire parameters that must be supplied
for a typical sitnulation run arc tabulated in Ta-
ble 1 for the five passenger vchicle models that
were sclected in step (2).

The suspension systein modeled in VDANI, ex-
crts fore.cs 011 threelumpedinasses. Two un-
sprung masscs represent the front and rear axles
with tires, ant] onc sprung mass represents the
vchicle’s body. Rather than model each comn-
ponent of the suspension individually, VDDANI,
uses comnposite characteristics of all components
to calculate overall roll dynamics. This method
produces lcss complicated calculations and a sig-
nificant reduction indata size. The simulation
program VDANI, also includes an option of us-
ing both front and rear anti-roll bars to provide
extra auxillary roll stiflness.

The simulation prograin VDANL uscs a com-
prchensive tire model that includes the effects
of road surface interactionand saturation limit.
This assures accurate rcpresentations of real driv-
ing conditions, from low-g to limit latera mancu-
vers, and for combined lateral and longitudinal
mancuvers (for examnple, brake-in-a-turn). The

program VDANIL uscs tire paramcters defined
by the Calspan corporation (cf. Tablel ) that
contain parameters for cornering stifltiess, can-
ber stiflness, lateral and circuinferential friction,
aligning torque, as well as overt urning mornent.

Besides the above mentioned modelings, the
simulation program VDANI, also provides a
“closed-100~)" driving capability by using the
block labeled “Automatic Steer System.” This
block contains internal algorithims that a hu-
man driver uscsto generate the required steering,
braking, and throtile commands. It can also rep-
rescit how anautonomous steeri ng systemn gern-
crales the needed steering com mands. Further-
more, an “Open” module option provides an in-
terface between a user-supplied “subroutine” and
the main program. In this rescarch, we used this
option to implement four-wheel-steering control
algorithms.

Data predicted by VDANI, have been exten-
sively validated via road tests for a wide variety
of vehicles and driving conditions. ¢~ ® Results ob-
tained using the simulation program were found
to represent ineasured vehicle responses quite well
for most vchicles and maneuvers.

Selected Production Vehicle Models

Iive production passenger vehicle models were
sclected in this study to represent a fleet o f
passcnger vehicles for the VI )TV to “emnulate.”
These represented a wide spectrum in vehicle
weight: from “sinall,” “compact,” ‘(Inid-sized)”
to “full-sized” passcnger vehicles. Additionally,
these five vehicle models were selected because
they span wide ranges in both wheelbase ra-
tio and track width ratio. The wheelbase ra-
tio, the ratio between the vehicle’s wheelbase and
its center of gravity (e. g.) height (L/heg. ), is
strongly related to the amount of weight transfer
between the rear and front wheels during acceler-
ation/dccelerati onmancuvers. I'rack width ratio,
the ratio between the vehicle’s halved track width
and eg. hcight (tw/2h., ), is strongly related to
the amount of weight transfer between the inside
and outside whecls during lateral cornering ma-
neuvers. ‘I'rack width ratio also strongly corre-
lates to the likelihood of vehicle rollover.
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Figure 2: Vehicle’s wheclbase ratios versus trackwidth ra-
tios

A plot of wheelbase ratios versus track width
ralios for five production vehicles is shown in Fig-
urc 2. Inthat figure, the “0”s denote the wheel-
basc and track width ratios combinations of pro-
duction vchicle models with parameter files avail-
able froin the VI JANIL program. The ‘. s rep-
resent the five sclected passenger vehicle models.
Clearly, the sclected vehicles span good ranges in
both the wheel base ratios and the track width
ratios. Jistimated values of other vchicle and tire
parameters arc tabulatedin ‘1’able 1. Sce Ap-
pendix I8 of Reference 10 for the estimated values
of vehicle and tire parameters that arc not given
in ‘1'able 1.

Steady-state ant] Transient Lateral Response

Characteristics of Passenger Vehicles

Using the siinulation program VIJANT, and cs-
timates of vehicle and tire parameters givenin
‘Jable 1, three steady-state andtransicnt lateral
responsc performance metrics of the five sclected
passenger vehicles were computed. Results are
givenin the following scctions.

The steady-state handling quality of a vchicle
can be characterized by its understeer coceflicient
(K4, in deg/g). The understeer cocflicient, de-
fined in sub-section 9.4.7 of Reference 11, canbe
understood using the following steady-sta.tc cor-

nering cquilibrium equation:

Ackerman angle
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671, = bow /]VS - 1
where,
&y =+ tire angle (deg),

bsw = steering wheel angle (deg),
Ng » steering ratio (-),
1. == whecl base (in),
I{ = turning radius @,
I, = understeer cocflicient (deg/g),
ay = lateral acceleration at vehicle’s e.g. (g).

From this equation, the understeer cocflicient
of a vchicle can be deterimined with a “turn cir-
cle” inaneuver. In this maneuver, the forward
speed of the vehicle is kept constant al, for ex-
ample, 80 kin/h. The steering; wheclangle is
increased slowly at an uniform rate of about 5
deg/scc until the limit Jateral acecleration of the
vehicle is reached. A cross plot betweenthe lat-
cra] acceleration of the vehicle’s c.g. on the X-
axis and the stecring wheel angle on the Y-axis
can then be generated. Irom this plot, the un-
dersteer cocflicient is deteriined as follows:

_ p
Noda, pe @

The first terimonthe right hand side of cqua-
tion (2) canbe derived from the instantancous
slope of the a, versus sw plot at a given lat-
cral acceleration. The variable “U” inthe sccond
termrepresents the forward speed of the vehicle.
That term can be easily computed if we know the
wheelbase of the vehicle as well as the speed at
which that sirmulation run was performed. Re-
sults obtained fromn these turn circle mancuvers
are givenin two cross plots: vehicle’s lateral ac-
ccleration versus the steering wheel angle (Iigure
3), and lateral acccleration versus the understeer
cocflicient (IYigure 4), for the five sclected passen-
ger vehicles. Ifrom Figure 4, we note that the un-
dersteer coceflicients of these vehicles remain un -
changed whenthe lateral acceleration of the vehi-
cle isJower than about 0.3 g. However, these un-
dersteer cocflicients increase drastically as their
respect i ve liv nit lateral acceleration levels are ap-
proached. These results arc fairly representative
for most passenger vehicles.
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Another perforimance metric cominonly used
Figure 3: Turn circle maneuver, steering whecl angle ver- to characterize the stcac]y-state vehicle hemd]ing
sus lateral acceleration . . o e e e
quality of a vchicle is its control sensitivity (in
g/deg). The control sensitivity of a vchicle at a
given forward speed is also known as itssteering
sensitivilty or lateral acceleration gain. In equa-
tion (1), the vehicle control sensitivity is given
by ay/ésw. The relation between the vehicle’s
control sensitivity and its understeer cocflicient
is given by:

40— . . - — — ————y r— — —y -
y ] , N7 .
35F turn clrcle maneuver at 80 kmvh i g 6SW = NS[ ]Xu | 5{3U2 ] . (3)
30 ! )
& { ! Since the vehicle’s control sensitivity can be com-
§"25+ 1  puted using the understecr cocflicient, ouly the
§_2o» 1 understeer cocflicient is used inthisstudy.
§15~ . The roll gradient of a vehicle can also be de-
gw» | tlermined using data obtained from the turn cir-
5 cle mancuver. A vehicle’s roll gradient, defined
5t 1 insub-section 9.4.19 of Reference 11, canbe de-
o | termined from a cross plot between the lateral
acceleration of the vehicle’s eg. and the vehicle’s
ST M 2 0 0 05 TR or os Uos roll angle. Results obtained for the five passenger
lateral acosteration [g] vchicles are depicted in Iigure 5 wherein we note
that theroll gradients of ful]-size vehicles tend to

Figure 4. Vurn circle mancuver, understecr cocflicicnt ver- . :
sus lateral acceleration be sinall, while the reverse is true for small and

compact vehicles.

The t ransient lateral response characteristics
of the vehicles arc compared using the “90% risc
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Figure 6: steering wheel angle and vehicle’s lateral accel-
cration during a J-turn maneuver

tirnes” of their Jateral acceleration responses. The
90% rise timc is amcasure of the vchicle’s “speed
of response” whenit is subjected to a “step”
steering wheel command. Since a true “step’) is
physically i1npossible, the steering command is
ramped to its steady-state value at anuniform
rate of 360 degrees per sccon d. The resultant
mancuver is coimnmonly called a J-turnmancuver.
The 90% rise time is defined as the timeit takes
the vehicle’s lateral acceleration to reach 90% of
its stcmly-state value, as measured from thetime
the steering command reaches 50% of its steady -
state value. See Figure 6 and Reference 12 for
further details, Plots of the 90% rise time versus
the vchicle’s lateral acccleration, for the five sc-
lected passenger vehicles arc depicted in Figure
7.

The speed of lateral response of a vchicle can
also be measured using frequency-domain perfor-
mance metrics such as the vehicle’s lateral accel-
eration -3 dB bandwidth (in Hz). This is the
frequency at which the magnitude of the transfer
function, from the stcering wheel to the vehicle’s
lateral acecleration, has dropped below 70.7% of
its stcmdy-state value. Again, there is a strong
correlation between the vehicle’s 90% rise time
and its lateral acceleration bandwidth.}or the
1989 Fiscort, that corrclation is depicted in Iig-
urc 8: the larger the bandwidth, the smaller the
90% rise time. A linear approximation between
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Figure 9 Consumers Union obstacle avoidance course

the bandwidth arid risc timeis given by:
lrise & 1.0381 — 0.688 8 x BW . (4)

Here, BW is the vehicle’s lateral acceleration
bandwidth in Hz,and {5 is the vehicle’s J-turn
90% rise timnein seconds. Sincethe latera acccl-
eration bandwidth is closely correlated with the
90% rise time,only the rise time is used 1 our
Study.

The Consumers Union obstacle avoidance
course, depicted in Figure 9, was used io ob-
jectively evaluate the handling qualily of passcn-
ger vehicles during emergency double lane change
mancuvers. Details of this obstacle avoidance
course arc defined inReference 13. The maxi-
mum speed that a passenger vehicle can success-
fully complete the double lane change mancuver
is denoted by U,,4,. The magnitude of U,,q,., in
kin/hr, is another lateral responsc performance
metric used in our study.

Selected Baseline Vehicle

For the purpose of dynamicsanalyses,the1989
Ford Fiscort was sclected as the bascline variable
dynamic testbed vehicle. The following modifi-
cations arc made to the production modcl to ac-
count for the added weights of the data acquisi-
tion system, four wheel steering actuator mecha-
nism, and others:

« Sprung mass and moment of inertia of the
production Yscort were each increased by
28% llowever, these! inecrtia properties were
mcreased without altering the longitudinal,
lateral, and vertical positions of the vehicle’s
ovcrall e.g. location.

« Spring rates and damper rates of the produc-
tion vehicle's suspension were eachincreased
by 28%. Since the vehicle sprung  mss  was
increased by 28%, there was no change in ci-
ther the frequency or damping ratio of the
vchicle’s heave mode.

+ Torsional stiffness of the front anti-roll bar of
the production Escort was increased by 28%
(in magnitude). The production]) ¥scort has
no rear anti-roll bar.

o “l,.arger” tires were sclected for the modified
Iiscort. The tire model used is 1'195/75RI 4.

With these modifications, the weight and mo-
ment of inertia of the “compact” Fscort were now
midway between those of “compact” and “mnid-
sized” vehicles. 1t was judged that such a mod-
ificd Fscort coul d better emulate the lateral re-
sponsc characteristics of both the “simall” and
“compact” production vehicles, that have higher
accident statistics. If a mid-sized vehicle had
been sclected instead as the baseline vehicle, the
added weights would have caused its weight to ap-
proach that of a ‘Lfull-size” vchicle. This heavier
bascline vehicle might not have been able to em-
ulatc the lateral response characteristics of both
the “small” and “compact” vehicles as well.

Sensitivity Analyses

T'wo types of sensitivity analyscs were per-
formed to assess thedegree that sclected vehicle
performance metrics could be influenced by two
vchicle paramcters: effects of (I ) the torsional
stiflnessess of the front and rear anti-roll bars on
the vehicle’s roll gradient, and (2) the damping

rates of the suspension shock absorbers on the
90% rise time of the vehicle in J-turn mancuvers.

I'ive anti-roll bar configurations used in this
study arc depicted inIligure 10. Inthat figure,
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Figure 10: Anti-roll bar stiffness configurations used in a
sensitivity analysis

“N” denotes for the “nominal” anti-roll bar con-
figuration of the baseline VI 'T'V:stiflnesses of
the front and rear anti-roll bars arc -288.6 and
O Nin/dcg, respectively (the bascline VDTV does
not have a rear anti-roll bar). Thestiffnesses of all
the other anti-roll bar configuration variants arc
multiples of the nomninal front anti-roll bar stifl-
ness. Ior example, the front and rear anti-roll bar
stiflnesses of the configuration] labeled“11°- 3){,"
arc -288.6 and -865.8 Nin/dcg, respectively.

Plots of stecring wheel angle versus the vehi-
cle’s lateral acceleration obtained inturn circle
maneuvers, for the five anti-roll bar configura-
tions, arc commpared in Figure 11.  Plots that
compare the vehicle’s understeer cocflicient, roll
gradient, and 90% rise time ina J-turnmaneuver
arc giveninliigures 12, 13, and 14, respectively.
From Figure 12, wc observe:

e Jorlow-g (below 0.3 g)mancuvers, the anti-
roll bars’stifliiesses have very little effect on
the vehicle’s understeer cocflicient.

« At high-g conditions, the anti-roll bars’ stifl-
nesses have the following influences on the ve-
hicle’s understeer cocflicient:

understeer cocflicient is increased by an
increase in the front anti-roll bar stiff-
ness. Sce results obtained for the “31”
configuration.
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Figure 13: Vehicle roll gradient results for five anti-roll
bar configurations

understecer cocflicient is decrcased by an
increase in the rear anti-roll bar stiflness.
See results obtained for the “1 }°-3R”
configuration. Alternatively, the vehi-
cle’s understeer cocflicient can be de-
creased by decreasing the front anti-roll
bar stiflness. Sce results obtained for the
“1 1 configuration.

IFrom Figure 13, wc conclude that the stifl-
nesses of the anti-roll bars have a dominant in-
fluence on the vehicle's roll gradient. The larger
the magnitude of the total anti-roll bar stiffuess

(sum Of boththe front and rear anti-roll bar ;-

nesses), the smaller is the vehicle’s roll gradient.
Hence, the roll gradient for the “31°-1 3R” config-
uration is the simallest ainong the five configura-
tions studied. lence, changing the stiffnesses of
the vehicle’s anti-roll bars (either mechanically or
by using active anti-roll bar controlled systems) is
ancilective way to ater the vchicle’s roll gradient.
The alternative of using a fully active suspension
systemn to control the vehicle roll gradient is likely
to be more expensive,

The specified emulation range of the VD T'V’s
roll gradicnt, depicted in Figure 14, is obtlained
using results depicted in Figure 13: (a)the lower
limit is obtained by reducing 25% {from the roll
gradient of the “3¥1+4 3R” configuration, and (b)

roll gradient ~

roll angfe 'deq]
n

-125 deg/g
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Figure 14: Fmulationrange of an active anti-roll bar con-
trolled system

the upper limit is obtained by adding 25% to
the roll gradient of the “11"” configuration. This
specified emulation range of the vehicle’s roll gra-
dient also appeared in Section 7.1.2 of Reference
1 4. Note also that the upper and lower roll gra-
dient limits depicted in Figure 1 3 completely en-
velop the @, versus roll angle plots of the five
passcneger vehicles given inFigure 5.

The effects that anti-roll bar stiflnesses have on
the 90% rise time in J-turnmancuvers arc! less ob-
vious. Howcever, the following trends arc observed
m Igure 15:

vehicle becomes more responsive (with  a
sinaller J-turn 90% rise time) if the stiffness
of the front anti-roll bar is increased. See re-
sults obtained for the “31"" configuration.

« vchicle becomes less responsive (with a larger
J-turn 90% rise timne) if the stiffness of the
front anti-roll bar is decrcased. See results
obtained for the “11” configuration.

. vchicle also becomes less responsive (with a
larger J-turn 90% risc time) if the stiflness of
the rear anti-roll bar is increased. See results
obtained for the ‘(I I'-f 3R” configuration.

The objective of the second set of senstivity
anal yscs was to assess to what deg ree the damp-
mg rates of the vehicle suspension influence the
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vehicle’s J-turn 90% rise time. This analysis was
performed for the Jet I'repulsion Laboratory by
Systems Technology Incorporated. Results ob-
tained arc summarizedin the following two para-
graphs while the details are givenin Reference
15.

Three sets of damper rates were used in the
sensitivity analyscs. The “hardest” damping
rates arc: at a pistonspeed of 75 cln/see, the
damping forces arc 3400 and 900 Ncwtons in ex-
tension and cornpression, respectivel y. The “soft-
est” damping rates arc: at a piston speed of 75
cln/see, thec damping forces arc 1200 and 670
Newlons in extension and compression, respec-
tively. The nominal damping forces arc between
those of the “hardest,” and “softest” dampers.
These damnping rates arc identical to those spec-
ified in sub-section 4.3.8 of Reference 14.

Using the above mentioned damping rates, the
90% rise times of a vehiclein a80kin/hr 0.22 g
J-turn maneuver were determinedusing VI) ANL.
The 90% rise times obtained were 0.43, 0.51,
and 0.49 seconds for the “softest, ” “nominal,”
and “hardest” damnping rates, respectively, Dif-
ferences among these rise times are quite small.
Considering the accuracy of the VDANL sin-
ulation programn, wc concluded that suspension
damping rates do not significantly influence the
speed of responsc of a vehicle in cornering ma-

10

Nnecuvers.

Four-Wheel-Steering Control Algorithms

The lateral dynamics of a vehicle can be sub-
stantially altered by steering its rear wheclsin
conjunction with the front whecls. For example,
the control sensitivity of a four-wheel- steering
vchicle at a given forward speed can be in-
creased/decrcased by steering the rear wheels
out-of-pllasc/ill-phase respectively with the {front
wheels. Additionally, the trausient lateral re-
sponse characteristics of the vehicle can also be
manipulated via carefully designed rear steering
algorithms.

Both open-loop and closed-loop 4W S algo-
rithms have been proposed and used in vehicle
research.’®!¥ Closcd-loop 4WS algorithins usc
selected vehicle imncasurements (for example, ve-
hicle’s yaw rate) as well as the driver's stcering
command to control the rear steering actuator.
On the other hand, open-loop algorithins do not
feedback any vchicle ineasurements. The open-
loop and closed-loop control algorithims described
in the following sub-section arc taken from Ref-
ercnce 19. They arc given here to illustrate the
flexibility available to alter the lateral response
characteristics of a VD'T'V via four- wheel-steering
algorithins.

e 4WSN Algorithim: This is an open-loop algo-
rithin first suggested by Nissan Motor Com-
pany.  Using a vchicle model, a speed-
dependent ratio between the rear and frout
wheels is computed in order to achieve zero
steady-sta,tc side velocity:

brefbse = Kn(U). (5)

Here, ésc cquals the driver steering whecl
command divided by the steering ratio. The
command to thercarsteering actuator is
given by é,.. The variable U is the forward
speed of thevchicle. The function Ky is
the “Nissan” ratio. At low spceds, the rear
wheels arc steered out-of-phase with the front
wheels (i.e., Ky is negative) to enhance the
vehicle mancuverability. At high speeds, the
rear wheels arc steered in-phase with the front




whecls (i.e, Ky is positive) to enhance the
vehicle lateral stability. 1 lowever, the lateral
fore.cs generated by both the front and rear
wheels counteract one another, and the re-
sponse time of the vchicle’s yaw rate may
deteriorate. To overcome this problem, we
delay the steering of thc rear wheel by ;)
scconds:!”

6re(t) = Kn(U) b5c(t - 110) (6)
The delay time 7p is on the order of 0.1 sce-
onds. The parameters Ky and 7pin this “dc-
layed” Nissan algorithm can be used to alter
the steady-state and transicnt response char-
acteristics of the vehicle, respectively.'"Nu-
merous other open-loop 4WS algorithms have
also been suggested. See, for example, Refer-
cnce 18. However, open-loop algorithms  were
not used In our study.

4WSY Algorithin: This is a simple closed-
loop algorithm with feed-forward of the {ront
steering command and feedback of the vehi-
cle’s yaw-rate:

re = I (U) 850 -1 Ka(U)r . (7)

1 lerc,the variable 67, was defined in connec-
tion with the 4WSN algorithm. The variable
r is the filtered yaw rate of the vchicle. T his
closed-loop 4 WS algorithm, depictedinIfig-
urc 16, was the mainfocus of our study.

In equation (7), the feed-forward gain Ky (U)
chicfly alters the vehicle’'s steady-state re-
sponscs. On the other hand, the feedback
gain K2(U) affects boththe steady-st,atc and
transicnt characteristics of the vehicle. Both
parameters must be sclected with care. The
rear steering angleincreascs monotonically
with the magnitude of K. Since the max-
imum rear steering actuator excursion is typ-
ically bounded (say, not morethan 10 de-
grees), the magnitude of K1must be sclected
within this physical constraint.On the other
hand, feeding back the vchicle’s yaw rate can
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I'igure 1 6: Fou r wheel steering cent rolled configuration

degrade the closed-loop stability of a four-
wheel-steering vehicle. Care must be exer-
cised to ensure that the damping ratio of the
vehicle’s yaw mode is always above a pre-
sclected minimum level.  Appropriately se-
lected, these control paramncters allow us to
vary the lateral dynamics of the VDTV so
that it emnulates the response characteristics
of a broad range of vchicles.

For sim plicity, the control paramecters Iy and
Ky arc not inade functions of the vehicle’'s
forward speedin our study. In practice, they
can be made functions of both the vehicle’s
forward velocity and other vehicle incasure-
ments such as its lateral acceleration. Other
closed-loo]) 4wS algorithms have also been
proposed inthe literature.**1¢

Plots of stcering wheel angle versus the vechi-
cle’s lateral acceleration obtained from turn circle
mancuvers, for four combinations of control pa-
rancters (I(y, K2) arc compared in Iigure 17. In
that figure, 4WS control algorithins that steered
the front and rear wheels “in-phase” have positive
i1, and arc denoted by “11” and “12”. 011 the
other hand, 4WS control algorithins that stecred
the front and rear wheels “out-of- phase” have
negative K, and arc denoted by 01" and“02”.
Plots that compare the understeer cocflicients of
the nominal two-whecl-stecring vehicle, and the
12" and ‘02" four-whecl-steering vehicles are
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Figure 17: Turncicrle maneuver results obtained with
4WS VDTV [Configuration 1]

shownin Figure 18. For clarity, results obtained
for the “11” and “01” four-wheel-stccrillg vchicles
arc omitted in that figure. The following obscr-
valions can be made from ligure 18:

e the understeer cocflicient of the four-wheel-
steering vehicle is increased by steering the
rear wheels in-phase with the front whecls,
and can be further increased by having a neg-
alive yaw rate feedback (with positive K,).

e the understeer cocflicient of the four-whecl-
steering vehicle i's decreased by steering
the rear wheels out-of-phase with the front
wheels, and can be further decreased by hav-
ing a positive yaw rate feedback (withncga-
tive K2).

InFigures 17 and 18, the two-wliccl-steering
vchicle is denoted by “2WS [Configuration 1]. "
Results obtained for a sccond two-wheel-steering
vehicle, denoted by “2WS [Configuration 11]” arc
given in IMigures 19 and 20. The main diflerence
between these two configurations is: all four tires
used in the “Configuration 1* are 1)195/751{.14
tires (that arc used by the Toyota Vanin Refer-
cnce 1 0). For “Configuration 1 1, the two front
tires of “Configuration 1“ arc replaced by two
1'195/751{14 {ires (that arc used by the Chevrolet,
S10in Reference 10).
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Figure 18: Understeer cocfiicient results obtained with
AWS VDTV [Configuration 1]
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Turn circle mancuver results obtained with the
sccond two-wheel-st,ccring vehicle and its four-
wllcel-stew.ring derivatives arc giveninligures
19 and 20. Inligure 20, the second two-whecl-
steering vehicle controlled by the (03" 4WS al-
gorithin can generate negative understeer coefli -
cient (i .c.,oversteer). The emulation range of the
VI )1 “V’'s understeer cocflicient, estiinated using
results giveninFigures 1$ and 20, is depicted in
Figure 21. The upper bound inthat figure was
obtained by adding 25% 1o the result obtained for
the “12” four-wllecl-steering vchicle (see Vigure
18). The lower bound in that figure was obtained
by subtracting 2.5 deg/g from resull obtained for

the “03’” four-wheel-steering vehicle (see Figure
20).

The effects that 4WS control algorithims have
on the vehicle’s 90% rise tine in J-turn mancu-
vers arc fairly significant. The following obscrva-
tions can be made from Figure 22:

« vehicle becomes more responsive (with a
smaller J-turn 90% risc time) if the front
and rear tires arc stcered in-phasc and with
ancgative yaw rate feedback (positive K,).
SCc results obtained for the “13” four-whecl-
steering vehicle.

+ vehicle becomes even more responsive if the
stiffness of the front anti-roll bar is increased.
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Sce resulls obtained for “14” four-whecel-

steering vehicle.

+ vchicle becomnes less responsive (with a larger
J-turn 90% rise time) if the front and rear
tires arc stecred in-phase and with a positive
yaw rate feedback (negative I),as well as
using a steering actuator with alower band-
width of 4 Hertz (the nominal bandwidth of
the steering actuator is on the order of | O Hz).
Sceresults obtained for the “15" four-whecl-
steering vehicle.

The emulation range for the VD T'V’s J-turn
90% rise time is depicted in Figure 23. The up-
pcr and lower bounds inthat figure arc obtained
by increasing and decreasing, respectively, 25'% of
results obtained by the ‘15" and “14” four- whecl-
steering vehicles that are depicted inligure 22.

Results obtained from the
Consumers Union Obstacle Course

Consumers Union obstacle avoidance course,
depicted in Figure 9, was used to objectively
evaluate the handling qualitics of passenger ve-
hicles during emergency double lane change ma-
ncuvers. Details of this obstacle avoidance course
arc defined in Reference 13. The VDANI, closed-
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Figure 24: obstacle avoidance lane change maneuver re-
sults

loop crash avoidance option was used to dcter-
mine the maximumn speed at which the baseline
VDTV (with 1'195/751{14 ‘Toyota Van tires) can
successfully complete this double lane change ma-
ncuver. This analytical simulation was thenre-
pecated on two other VD'T'V variants: the first has
1'195/751tl 4 Chevrolet S1 O tires andthesecond
has }'205/701{.15 Samuraitircs. The maximum
speed was found using the Samurai tires, and was
52.7 kin/hr. wsection 3.5.2.3 of Reference 14,
we specified that the VDTV shall be able to suc-
cessfully negotiate the Consu mers Union obstacle
course at a]] speeds below 55 km /hr.

Figure 24 displays the lateral versus longitu-
dinal positions for the crash avoidance double
lane change mancuver of the three VDTV vari-
ants with different tire models. As shown ill that
figure, all three V)TV variantscanclearthe cor-
ner of the re-entry lane, but only the variants
with the s10 and Samuraitires can clear the ob-
stacle conc. The VDTV with the Samurai tires
is most “aggressive> because it can gel back to
the centerline of the re-entry lane in the short-
est longitudinal distance. However, the vehicle
trajectory beyond that “crossover” point is quite
oscillatory. Ontheother hand,the vehicle trajec-
tory obtained with the S10 tires, both before arid
after the crossover point is better damped. Time
historics of the steering wheel angle, vehicle’s lat-
cra acccleration and sideslip angle, as well as tire
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forces arc givenin Reference 15.

Concluding Remarks

A Variable Dynamnic Testbed Vehicle concept
has been proposed as a tool to perform driving-
related huinan factors research. 1'he goal of this
study was to analytically investigate to what de-
gree a VI YTV with {four- wheel-steering can em-
ulate the lateral dynamics of a broad range of
vehi cle models. Using a sclected colnl)act-sized
automobile as a baseline, our study indicated
this vchicle can be controlled to emulate the lat-
cra] response characteristics (including the vehi-
cle’s understeer coeflicient and the 90% lateral
acccleration rise time in a J-turn mnancuver) of
a flee.t of production vehicles, from low to high
lateral acccleration conditions. Also, the roll gra-
dient of the basclined vehicle can be altered via
changes made to the torsional stiflnesses of the
front arid/or rear anti-roll bars to emulate the
roll stiflticsses of a fleet of production vehicles.

The levels of emulation can potentially be im-
proved if the VI)YTV has both the four-wheel -
stecring and steer-by-wire fcatures depicted in
Figure 25. With this steering configuration, the
controller architecture givenin (7) becomes:

5Vrc =
Sfc - 6_[0 -

K, (U)ésc+12(U)r (8)
Ka(U)r. 9)

Here, the variables é;.andrweredefinedincon-
nection with the 4WSY control algorithin. Front
wmd rear steering commands arc giveniby é4, and
re, tespectively, The added emulation benefits

yaw,rate hat one can derive with this controller adlitxc-

ture arc not confirined in this study, but experi-
mental results obtained from a vehicle fitted with
a similar steering system have shown promise.®
The proposed VDTV, with both the steer-by -
wirc and four-wheel-steeri ng features, will be
an idea] testbed to verify results obtained by the
Simulator Vchicle of Reference 3.
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Table

1

Paramecter | l.eCar | Sentra
Class | small | small
Year | 1977 1983
wheel base (in) | 2.42 | 2.39
mecan track width (m) | 1.27 1.39
e.g. distance | 0.93 0.84
from front axle (m)
e.g. height (m) | 0.54 0.52
track width ratio | 1.18 1.34
wheclbase ratio | 4.48 4.60
total weight (kg.wt.) | 816 1068
roll inertia (kg-m?) | 147.3 | 217.0
pitch inertia (kg-m?) | 797.7 | 1101,1
yaw inertia (kgm?) | 986.5 | 1315.3
front/rear roll | 165.1 393.7
stiffnesses (Nm/deg) | 182.8 | 295.3
frollt/rear roll | 15.8 27.1
damping (Nms/deg) | 15.0 17.2
front/rear anti-roll | -145.8 |0
bar stiffness (Nm/deg) | -750 |0
stecring ratio (-) | 20.8 16.9
tire model | P145/ | 1155/
SR13 | SRI3
Calspan cocfl’s:
o | 1260 2380
A, | 1320 |921
A5 | 1830 2280
A3 | 0533 0.523
A4 | -31200 |-7225

Ystimated Values of Vehicle and ‘Jire Parameters!

Escort T-bird Mark V]]]
compact | Illid-size | full-size
1989 1987 1995
2,39 2.65|28
141 1.49 1.53
0.88 1.06 1.18
0.56 0.56 0.55
1.26 1.33 1.39
4.27 473 525
1229 1649 1756
244.1 348.8 716.2
1342.4 2537.4 3500.2
1539.1 2976.1 3627.3
379.8 305.4 329.1
379.8 356.2 421,8
253 34.9 39.1
253 32.5 42.0
-224.8 -714.8 -2118
0 4 87.7 -299.3
18.2 14.3 134
P165/ 1'215/ 1215/
80R13 | 701{14 | 70R14
0 733 733
15.66 19.50 19.50
2350 2900 2900
0.530 1.370 1.370
-24450 1420 4420

T 1 Mailed information on these and other vchi-
clc/tire parameters arc available in Appendix B
of Reference 10.
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